؉ channels (ENaCs) are activated by extracellular trypsin or by co-expression with channelactivating proteases, although there is no direct evidence that these proteases activate ENaC by cleaving the channel. We previously demonstrated that the ␣ and ␥ subunits of ENaC are cleaved during maturation near consensus sites for furin cleavage. Using site-specific mutagenesis of channel subunits, ENaC expression in furin-deficient cells, and furin-specific inhibitors, we now report that ENaC cleavage correlates with channel activity. Channel activity in furin-deficient cells was rescued by expression of furin. Our data provide the first example of a vertebrate ion channel that is a substrate for furin and whose activity is dependent on its proteolysis.
Epithelial Na ϩ channels are expressed in apical membranes of high resistance Na ϩ -transporting epithelia. These channels have a key role in the regulation of extracellular fluid volume, blood pressure, and airway fluid volume. ENaCs 1 are composed of three structurally related subunits, termed ␣, ␤, and ␥, with a presumed ␣ 2 ␤ 1 ␥ 1 subunit stoichiometry (1, 2) , although an alternative stoichiometry has been proposed (3) . Each subunit has two membrane-spanning domains that are connected by a large extracellular loop and intracellular NH 2 and COOH termini. Residues preceding and within the second membranespanning domain form the channel pore (4 -6) .
Previous studies have demonstrated that ENaC activity is regulated by proteases. Extracellular trypsin has been shown to increase channel activity, while extracellular serine protease inhibitors, such as aprotinin and bikunin, have been shown to decrease channel activity (7) (8) (9) (10) (11) (12) . Channel activation by proteases likely reflects changes in channel gating (8, 12) . ENaCs characteristically have long open and closed times, generally on the order of seconds (13, 14) . However, a population of channels has been described that exhibit only brief (50 ms) openings and have long closed states (13, 14) . Caldwell et al. (12) recently reported that extracellular trypsin converts these near-silent Na ϩ channels to channels that exhibit the typically long open and closed times. A family of channel-activating serine proteases, referred to as CAPs, have been identified based on their ability to activate ENaC when co-expressed in heterologous systems (7, 15, 16) . These serine proteases include CAP1 (or prostasin), CAP2, CAP3, and a member of a family of transmembrane serine proteases (TMPRSS3) (7, 15, 16) . However, it is not known whether proteolysis of ENaC subunits or cleavage of a distinct regulatory protein is responsible for the activation of Na ϩ channels. We recently reported that maturation of mouse ENaC in both Chinese hamster ovary (CHO) and Madin-Darby canine kidney (MDCK) cells involves proteolytic cleavage of the ␣ and ␥ subunits (17) . Expression of individual subunits revealed full-length forms of the ␣, ␤, and ␥ subunits (95, 96, and 93 kDa, respectively) that had immature N-glycans. However, co-expression of the three subunits revealed a second form for each subunit (65 kDa for ␣, 110 kDa for ␤, and 75 kDa for ␥) that exhibited complex-type N-glycans consistent with processing during transit through the Golgi complex (17) . We also demonstrated that the 65-kDa form of ␣ and the 75-kDa form of ␥ are the COOH-terminal fragments of cleaved subunits (see Fig. 1 ). NH 2 -terminal fragments of ␣ (30 kDa) and ␥ (18 kDa) also co-immunoprecipitated with the channel (17) . This information allowed us to predict the regions where cleavage of the ␣ and ␥ subunits likely occurred. These regions in the extracellular domains of both ␣ and ␥ contained consensus motifs for cleavage by furin (minimal sequence of RXXR2 where R is Arg and 2 is the cleavage site) that were conserved across species (for review, see Refs. 18 -20 and Supplemental Table I ). Furin is a well characterized proprotein processing endoprotease that is localized in the trans-Golgi network (TGN) and shuttles between the TGN and plasma membrane (21) . We now report that ENaC maturation and activation involves furin-dependent cleavage.
EXPERIMENTAL PROCEDURES
Vector Preparation, Cell Culture, and Transfections-Preparation of carboxyl-terminal and double epitope-tagged mENaC subunit cDNAs were described previously (17) . Point mutations were generated in ␣ or ␥ mENaC cDNAs cloned into pCDNA3.1(ϩ) (Invitrogen) using a twostep PCR method (22) .
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□ S The on-line version of this article (available at http://www.jbc.org) contains a Supplemental Table. § Both authors contributed equally to this work. cDNAs for electrophysiological studies in CHO cells were previously described (25) . Whole-cell macroscopic current recordings in CHO cells were obtained at a holding potential of Ϫ80 mV, or with voltage ramps from 40 to Ϫ100 mV (25) .
Mouse cortical collecting duct cells (mpkCCD c14 ) were obtained from Alain Vandewalle (Paris, France) and maintained in defined medium as described previously (26) . Cells were grown on permeable filter transwells (Costar, Corning, NY) for 7 days prior to the addition of either ␣ 1 -antitrypsin (␣ 1 -AT) or the variant ␣ 1 -PDX at 8 M for 16 h (Calbiochem) (21) . Equivalent short curcuit currents in mpkCCDc14 cells were measured with a portable EVOM (World Precision Instruments, Sarasota, FL).
Sodium Channel Expression and Channel Activity in Xenopus Oocytes-Wild type and epitope-tagged ENaC subunit cRNAs were prepared using the mMESSAGE mMACHINE kit (Ambion, Inc., Austin, TX). The mENaC subunit cRNAs (1 ng per subunit) were injected into oocytes, and electrophysiological measurements were performed after 24 h as described previously (27) . The difference in measured current in the presence and absence of amiloride (10 M) was used to identify ENaC currents produced by different subunit combinations. Where indicated, trypsin (2 g/ml; Sigma) was subsequently added to the bath for 5 min before a second measurement. Animal protocols were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee.
Immunoprecipitation and Immunoblot Analysis-Immunoprecipitation and immunoblot analysis of ENaC epitope-tagged subunits expressed in either CHO cells, MDCK cells, or oocytes were carried out as described previously (17, 28) .
RESULTS
Key Arg residues within consensus motifs for furin cleavage in the ␣ and ␥ subunits were mutated to Ala, as indicated in Fig. 1, A Fig. 1A , mutation of R 4 clearly altered the pattern of cleavage in MDCK cells observed from the COOH terminus, while mutation of either R 1 or R 2 clearly altered the pattern of cleavage from the NH 2 terminus (producing a larger fragment in each case). These results indicated that ␣ subunit cleavage occurs at both the RSTR 205 2 and RSAR 231 2 motifs. This was confirmed by our finding that cleavage was totally abolished by coincident mutation of both motifs (see mutants R 1,4 or R 2,3,4 ). As shown in Fig. 1B , mutation of the single consensus motif for furin cleavage in ␥ (R143A) blocked cleavage, as evidenced by the loss of the 75-and 18-kDa fragments that were observed by expression of the wild type ␥ with ␣␤ENaC. These data suggest that furin may have a major role in the proteolytic maturation of Na ϩ channels in MDCK cells. Similar data were obtained with many of the furin site mutants in CHO cells (data not shown).
We also observed that the ␣ (R 2,3,4 ) or ␥ (R143A) mutants that blocked cleavage in MDCK cells exhibited reduced functional ENaC expression in Xenopus oocytes (Fig. 2) . Analyses of ENaC subunit expression in oocytes by immunoblot (Fig. 2, D and E) indicated that the wild type ␣ and ␥ subunits were cleaved in ooctyes yielding the expected fragments (65 and 30 kDa for ␣ and 75 and 18 kDa for ␥). These proteolytic fragments were not observed when consensus sites for furin cleavage were mutated in the ␣ or ␥ subunits. Whole-cell ENaC currents in oocytes expressing both the ␣ (R 2,3,4 ) and ␥ mutants were only 12 Ϯ 1% of the current recorded in oocytes expressing wild type channels. We also examined whether an exogenous serine proteases can activate ENaC in the absence of furin cleavage sites. 
FIG. 2.
ENaC activity and cleavage in oocytes are blocked by mutation of consensus sites for furin cleavage. Xenopus oocytes were co-injected with either cRNAs for the wild type channel (WT, ␣␤␥) (A-C), cRNAs for ␣ with mutation of the three furin consensus sites (␣ MUT , R 2,3,4 ) and wild type ␤␥ (A), cRNAs for ␥ with a mutation of the one furin consensus site (␥ MUT , R143A) and wild type ␣␤ (B), or cRNAs for ␣ MUT , wild type ␤, and ␥ MUT (C). Whole-cell amiloride-sensitive currents were measured as described previously 1 day after injection (28) . Trypsin (2 g/ml) was subsequently added to the bath for 5 min before a second measurement as indicated. Normalized data (mean Ϯ S.E.) are presented from two experiments (n ϭ 16 -20 for each condition) with the current from the wild type subunits (without trypsin) set as 100% (I/I WT(Ϫtrypsin) ). ENaC activity of oocytes expressing mutant subunits was significantly (*) less than that produced by wild type channels (p Ͻ 0.001). Oocytes injected with wild type (D and E), ␣ MUT ␤␥ (D), or ␣␤␥ MUT (E) (10 each) were also solubilized in lysis buffer and analyzed by immunoblotting with anti-HA (N-term) or anti-V5 (C-term) antibodies after immunoprecipitation using anti-V5 (C-term) antibodies. Non-injected ooctyes (Ϫ) were used as a control in each case. The cleavage fragments for ␣ (65 and 30 kDa) and ␥ (93 and 18 kDa) were absent when the consensus sites for furin cleavage within the ␣ or ␥ subunits were mutated.
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Subsequent addition of external trypsin to oocytes expressing one or both mutant subunits for 5 min resulted in large amiloride-sensitive Na ϩ currents that were similar in magnitude to that observed after trypsin treatment of oocytes expressing wild type ENaC.
ENaC processing and functional expression were also examined in both wild type and furin deficient CHO cells (23) . As shown in Fig. 3, A and B, cleavage fragments for ␣ (65 and 30 kDa) and ␥ (75 and 18 kDa) found in parental CHO cells were absent when ␣␤␥ENaC was expressed in furin-deficient CHO cells. When furin was co-expressed with ␣␤␥ENaC in these cells, the cleaved forms of ␣ and ␥ were clearly evident. Coexpression of furin with ␣␤␥ENaC in the parental CHO cells also increased the levels of cleaved forms of ␣ and ␥ in this T7-vaccinia expression system. Finally, it was clear that glycoprotein processing and membrane trafficking in the biosynthetic pathway were normal in the furin-deficient cells, with or without co-expression with furin, as the processing of the ␤ subunit in cells expressing ␣␤␥ENaC was identical to that observed in the parental CHO cells (data not shown).
We examined whether furin processing of ENaC in CHO cells affects its functional activity by measuring whole-cell amiloride-sensitive currents in both parental and furin-deficient CHO cells that were expressing ␣␤␥ENaC (Fig. 3C) . Whole cell currents were dramatically and significantly lower in furindeficient CHO cells than in parental CHO cells, while capacitance was unchanged. However, co-expression of furin with ␣␤␥ENaC in furin-deficient cells produced currents that were similar in magnitude to that observed by the expression of ␣␤␥ENaC in the parental cells. Furin-dependent cleavage of ␣␤␥ENaC appears to be required for expression of robust channel activity in CHO cells.
Previous studies have shown that furin cycles between the TGN and plasma membrane (21) . The bioengineered Portland variant of ␣ 1 -antitrypsin (␣ 1 -PDX) binds irreversibly to furin at the plasma membrane and enhances its degradation, blocking furin-dependent processing of proteins in the TGN (21) . Endogenous ENaC activity has been well characterized in a mouse cortical collecting duct cell line (mpkCCD c14 ) (26) . Purified recombinant ␣ 1 -PDX was added to the apical and basolateral media of polarized cultures of mpkCCD c14 cells for 16 h. As shown in Fig. 3D , incubation of mpkCCD c14 cells with ␣ 1 -PDX blocked expression of an amiloride-sensitive equivalent short circuit current in these cells. No inhibition was observed when cells were incubated with control ␣ 1 -antitrypsin. High transepithelial resistance was maintained in cells treated with ␣ 1 -PDX indicating that the cells were not adversely affected by the loss of furin activity (data not shown). Thus, endogenous ENaC activity is furin-dependent in mpkCCD c14 cells.
DISCUSSION
Our data and previous studies support the hypothesis that ENaC activity is regulated by proteolytic cleavage of ENaC subunits. In CHO cells, Xenopus oocytes and mpkCCD c14 cells, a major protease that appears to be responsible for activation of Na ϩ channels is furin. This conclusion is based on our findings that (i) cleavage and activity of ENaC were restored in furindeficient CHO cells by co-transfection with the cDNA for furin, (ii) inhibition of ENaC cleavage by mutation of essential Arg residues within consensus sites for furin cleavage inhibited ENaC activity in Xenopus oocytes, and (iii) endogenous ENaC activity was blocked by the addition of a furin-specific inhibitor to the media of cultured collecting duct cells. Furin is one of seven members of the family of proprotein convertases (for review, see Refs. 18 -20) . Furin is best known for its ability to cleave growth factors, hormones, serum proteins, coagulation factors, cell surface receptors, extracellular matrix proteins, and viral envelope glycoprotein precursors in the biosynthetic pathway. Furin also cleaves bacterial toxins at the cell surface or within endosomes (23) . An Arg residue is essential at the position immediately preceding the cleavage site (P 1 (Ϫ1) position). At least two out of the three residues at P 2 (Ϫ2), P 4 (Ϫ4), and P 6 (Ϫ6) must be basic (Arg or Lys) for efficient cleavage by furin (19, 20) . Thus, our finding that ␣ ENaC is cleaved at the RRRSTR2 site and ␥ ENaC at the TPRKRR2 site fits these requirements. However, there are numerous examples where furin cleaves at suboptimal sites such as RXXR2 consistent with the second cleavage of ␣ that we observed at the STRDLR2 site (19, 20) .
It is possible that ENaC can be cleaved by other proprotein convertases. PC4 expression is restricted to testicular spermatogenic cells (30) , and PC2 and PC1/PC3 are found only in neuroendocrine tissues (18) , making these three convertases less relevant to ENaC cleavage in epithelial cells. In contrast, ENaC Activity Is Furin-dependent 18113 furin, PACE4, PC5/PC6 (A and B), and PC7 are expressed in a broad range of tissues. Little is known about the specificity of PACE4 except that it is implicated in cleavage of TGF-␤-related differentiation factors at the RXK/RR2 site (31) . Preliminary characterization of recombinant PC7 indicates that it may have sequence specificity similar to furin, but it seems to have an absolute requirement for an Arg residue at P 4 (Ϫ4) and appears to process substrates than are distinct from those processed by furin in vivo (32) . PC6B has overlapping specificity with furin (33) and is inhibited by ␣ 1 -PDX in vitro (34) . Although furin, PC7, and PC6B all cycle between the cell surface and the TGN, Jean et al. (21) found that cells expressing furin, but not cells expressing either PC6B or PC7, could internalize ␣ 1 -PDX. Our data and these previous studies indicate that furin is a key protease responsible for cleavage and functional activation of ENaC in Xenopus oocytes, CHO cells, and mpkCCD c14 cells. ENaC activity in the Xenopus cell line A6 and in the mouse kidney cell line mpkCCD c14 is reduced by extracellular aprotinin, a serine protease inhibitor. Aprotinin does not inhibit furin (35) , suggesting that other proteases may have a secondary role in regulating ENaC activity. A family of serine proteases has been identified that could alternatively cleave and activate ENaC, including CAP1 (or prostasin), CAP2, CAP3, and TMPRSS3 (7, 15, 16) . Previous studies suggest that only a fraction of channels expressed at the plasma membrane are cleaved (17) . Non-cleaved channels could be substrates for CAPs, proprotein convertases, or other, as yet unidentified, proteases that are expressed at the cell surface or within recycling compartments.
Our data, in the context of previous studies (8, 12, 17) , suggest that proteolytic cleavage of ENaC subunits activates ENaC by enhancing channel open probability. It is unclear why cleavage of ENaC extracellular domains produces this effect. We recently identified a region within the extracellular domains of the ␣ and ␥ subunits where the introduction of mutations at key His residues (␣His 282 and ␥His 239 ) affects gating in response to extracellular cations (Na ϩ and Ni 2ϩ ) (36, 37) . These observations suggest that ␣ and ␥ subunit extracellular domains have important roles in modulating ENaC activity, although mechanisms by which this occurs remain to be defined. ENaCs are members of the degenerin/ENaC superfamily that includes a group of structurally related ion channels that are involved in diverse biological processes (38) . While it is not known whether proteolysis has a role in regulating the activity of other members of this ion channel family, consensus motifs for cleavage by furin are present in the extracellular domains of a number of members of this family (see Supplemental Table I ).
Previous reports indicated that NMDA-induced proteolysis of an intracellular COOH-terminal domain of an ␣ subunit of a voltage-gated Ca ϩ2 channel affects channel properties, although proteolysis was not required for channel activity (39) . Proteolytic cleavage of the NMDA receptor has also been reported (29) . Proteolytic cleavage is required for the activation of specific bacterial pore-forming toxins (for review, see Ref. 23 ). Our studies suggest that proteolytic cleavage of ENaC extracellular domains has a critical role in the activation of Na ϩ channels. The activation of ENaC by furin-dependent proteolytic cleavage at sites within its extracellular domain represents a novel mechanism for the regulation of vertebrate ion channels.
